anhydrase inhibition in rat hippocampus. Here we amplify these pH shifts using benzolamide (a carbonic anhydrase inhibitor) and describe concomitant effects on EPSCs in whole-cell clamped CAI neurones in rat hippocampal slices. 2. In C02-HCO3 -buffered media, benzolamide increased the time to 50% decay (t50) of the EPSCs by 78 + 14 % (P < 0f01, n = 10 ). This occurred simultaneously with amplification of the extracellular alkaline shift (154 + 14 %). 3. In C02-HC03--buffered media containing DL-2-amino-5-phosphonovalerate (APV), the EPSC t5 was unaltered by benzolamide, while the extracellular alkaline shifts were increased (111 + 23 %, n = 8). 4. In Hepes-buffered media, neither the EPSC t50 nor the extracellular alkaline shift was altered by benzolamide (n = 9). 5. These data demonstrate that NMDA receptor activity is dependent on the buffering kinetics of the brain extracellular space. The results suggest that endogenous pH shifts can modulate NMDA receptor function in a physiologically relevant time frame.
Excitatory synaptic transmission in the central nervous system has been associated with a rapid alkalinization of the extracellular space (Chesler, 1990; Chesler & Kaila, 1992) . Studies with pH-sensitive microelectrodes have established that these alkaline transients begin within 100 ms of postsynaptic current flow (Chesler & Chan, 1988) . Although the transmembrane pathway of the acid-base fluxes has not been established, their participation in synaptic modulation has been suggested, in view of their rapid onset and link to glutamatergic transmission (Chen & Chesler, 1992 
b).
Among the ionotropic glutamate receptors, the NMDA receptor displays a unique sensitivity to extracellular pH. Exogenous elevations in pH have been shown to increase the probability of NMDA-channel opening in cultured cells (Tang, Dichter & Morad, 1990; Traynelis & CullCandy, 1990 , 1991 Vyklicky, Vlachova & Krusek, 1990) . Whether the NMDA receptor is modulated by endogenous pH shifts in a physiological context is unknown.
To determine whether endogenous alkaline transients can modulate NMDA receptor function, we manipulated the buffering capacity of the extracellular space using a carbonic anhydrase (CA) inhibitor. Extracellular CA catalyses the hydration of C02, which provides rapid buffering and normally limits the size of the stimulusevoked alkaline shift (Chen & Chesler, 1992c) . Inhibition of extracellular CA reduces CO2 hydration to the uncatalysed rate, and thereby amplifies the extracellular alkalinizations. In the present report, benzolamide, a charged, poorly permeant CA inhibitor (Travis, Wiley, Bohdan & Maren, 1964) (Chesler & Chan, 1988 
RESULTS

Stimulus-evoked alkaline shifts in HCO3--and Hepes-buffered media
An extracellular alkaline transient evoked by repetitive stimulation of the Schaffer collaterals is illustrated in Fig. IA (top) . Application of benzolamide (1 /4M) increased its amplitude about 5-fold, as noted previously (Chen & Chesler, 1992a) . At increased gain, responses to single stimuli were noted which were also amplified by benzolamide (Fig. IA, bottom) . These small alkalinizations peaked within a few hundred milliseconds. This was far faster than the response time of the pH microelectrodes (1-5 s) (Ammann, Lanter, Steiner, Schulthess, Shijo & Simon, 1981) , suggesting that the single-shock pH responses were highly attenuated and filtered (see Discussion). Although CA inhibitors can cause a baseline extracellular acidification at high concentrations (Chen & Chesler, 1992a) , benzolamide at 1 ,UM had no effect on the baseline extracellular pH, which averaged 7-25 in HC03--buffered media (Table 1) .
When Hepes served as the extracellular buffer, similar pH responses could be elicited (Chesler & Chan, 1988) . However, these pH shifts were not enhanced by the addition of benzolamide (Fig. 1B) , because the rapid buffering by the Hepes was independent of CA. The baseline extracellular pH in Hepes-buffered media was 7 28, which is comparable to the value in HC03--buffered solutions (Table 1) (1/M) increased the pH transients 2-to 5-fold. B, in Hepes-buffered media (26 mM), benzolamide had no effect on the alkaline shifts. Extracellular pH was 7-2-7-3 in all cases. Alkaline shifts are indicated by downward deflections in all figures. 
Effect of benzolamide on EPSCs evoked by Schaffer collateral stimulation
In HC03-Ringer solution, benzolamide (1 /M) caused an immediate prolongation of the EPSCs and a simultaneous increase in the peak amplitude of the alkaline transients evoked by each stimulus. The increase in time to 50% decay (t50) far exceeded the normal scatter of this parameter, as shown in the experiment depicted in Fig. 2A . The first stimulus in which the alkaline shift was increased always corresponded to the first stimulus in which the EPSC time course was prolonged. Averages of original and normalized EPSCs at times before (a) and after (a') benzolamide are superimposed in Fig. 2B , highlighting the increase in decay time course. For ten cells held at -80 mV, the t50 (33 + 7 ms, range 14-74 ms) was prolonged by 78 + 24% following addition of benzolamide (P < 001), with a maximum increase of 225%. This was associated with an increase in the amplitude of the alkaline transients of 154 + 14% (Fig. 2C ). Benzolamide had no significant effect on the relaxation half-time of the alkaline shifts, which averaged 2 7 + 0 3 s before, and 3-1 + 0 3 s after, application of the drug (P = 0 24). Similar results were observed at a holding potential of -40 mV (n = 6 cells), with an increase in the EPSC t50 of 92 + 48% (P < 0 05). Neither input resistance nor EPSC reversal potential was notably affected by benzolamide (Table 1) EPSC amplitude (7 of 10 cells), as well as decreases (3 of 10 cells), with an overall change of +36 + 17% that was not statistically significant (P = 0-13). In a previous report, benzolamide had similar effects on the amplitude of extracellular field potentials, increasing them in six of eleven experiments (Taira, Smirnov, Voipio & Kaila, 1993) . These inconsistent effects of benzolamide are most probably due to a mixture of pre-and postsynaptic actions. Therefore, the decay time was emphasized in the analysis of the EPSCs. In the case of NMDA receptor-mediated currents, this is strictly a postsynaptic measure that reflects the channel kinetics (Lester, Clements, Westbrook & Jahr, 1990; (Hestrin, Nicoll, Perkel & Sah, 1990) . The EPSC decay time was unaffected by benzolamide ( Fig. 3A and B) , although the alkaline shifts were still enhanced. In eight cells, the t50 changed by only 4 0 + 2-9% (P = 0 17), while the alkaline shifts were amplified by 111 + 23% (Fig. 3C) . Benzolamide caused increases in the EPSC amplitude (n = 3), as well as decreases (n = 5), with a mean amplitude change of +2 + 15% ( benzolamide on pre-and postsynaptic processes. The drug had no notable effect on input resistance or EPSC reversal potential in the presence of APV (Table 1) .
To ascertain whether benzolamide acted directly on the NMDA receptor or indirectly (via modification of extracellular buffering), experiments were repeated in Ringer solution buffered by 26 mm Hepes. As shown in Fig. 3D and E, benzolamide had no effect on the EPSC time course in Hepes solutions. In nine cells, the t50 (45 + 9 ms) fell by -3 + 7%, which was not significant (P = 0-31). Likewise, the evoked alkaline shifts in Hepes were unaffected by benzolamide, with a change of -2 + 4% (Fig. 3F) . In Hepes media, benzolamide had no notable effect on input resistance, EPSC reversal potential or baseline extracellular pH (Table 1) .
DISCUSSION
Our data indicate that the time course of NMDA receptormediated synaptic currents is significantly influenced by the buffering capacity of the extracellular fluid. By contrast, the AMPA receptor-mediated component of the EPSC was unaffected. This indicated that the effect of benzolamide had a postsynaptic origin, and could not be attributed to persistent transmitter action or to changes in adequacy of the space clamp. In addition, the prolongation of the synaptic currents was not due to a direct action on the NMDA receptor, since EPSC duration was not increased in Hepes media.
It is notable that benzolamide had a similar effect on the EPSC time course at a holding potential of -40 mV. Its action was therefore unrelated to any residual Mg2+-dependent block of the NMDA receptor channels (Nowak, Bregestovski, Ascher, Herbet & Prochiantz, 1984) at a holding potential of -80 mV. Indirect effects mediated by changes in baseline pH were also unlikely. Extracellular pH was comparable in all solutions (Table 1) and was unaffected by benzolamide. In addition, while intracellular pH was not measured, the NMDA receptor is rather insensitive to internal pH changes (Tang et al. 1990) .
The effect of benzolamide did not require HCO3 per se, since considerable endogenous HC03-is still present in Hepes-buffered media. This is because the extracellular acidosis of brain slices is almost exclusively due to the generation of carbon dioxide ; accordingly, an extracellular tissue pH of 7 25 in Hepesbuffered media (pH 7 50) would correspond to a tissue CO2 tension of 10 mmHg and an extracellular bicarbonate concentration of 5 mm. Therefore, the failure of benzolamide to prolong the EPSCs in Hepes media cannot be attributed to the absence of HCO3-, but rather is due to the fast (CA-independent) buffering provided by the Hepes.
In view of the external pH dependence of the NMDA receptor (Tang et al. 1990; Traynelis & Cull-Candy, 1990 , 1991 Vyklicky et al. 1990 ), our results are consistent with a significant subsynaptic alkalinization with a rise time of milliseconds. We emphasize that because the pH microelectrodes have a response time of seconds (Ammann et al. 1981) , and sample from a relatively large extracellular space, they are not capable of resolving rapid subsynaptic pH changes. Indeed, means of directly measuring pH transients in this micro-domain do not exist. The small pH shifts evoked by single shocks to the Schaffer collaterals should be viewed as highly filtered representations of the underlying extracellular pH changes, which are likely to be considerably larger. Nonetheless, the increase in amplitude of the pH transients and the prolongation of the NMDA receptor-mediated currents were well correlated. Both were augmented by benzolamide in HC03--buffered media but were unaffected in Hepes. It should be noted that the relaxation time of the alkaline shifts, having a far longer duration, was unrelated to the time course of the EPSCs. The recovery from alkalinization, which required several seconds, was most probably due to slow diffusion of buffer between the interstitial spaces and the bath.
The data are consistent with a role for CA in NMDA receptor-mediated synaptic transmission. If localized to the synapse, the enzyme could govern the size and duration of postsynaptic responses. However, while extracellular CA activity has been demonstrated in brain slices (Chen & Chesler, 1992c; Kaila, Paalasmaa, Taira & Voipio, 1992) , its concentration, isoform and distribution in brain extracellular space are not known. We note that in the absence of CA inhibition, the activity-dependent alkaline shifts would be smaller. However, alkaline transients would still be capable of modulating the NMDA receptor. This is evident during repetitive activity, where pH microelectrodes can record extracellular alkaline shifts as large as 0 1-0 2 pH units (Chesler & Kaila, 1992) .
Modulation of excitatory transmission by endogenous pH shifts may be especially pertinent to forms of longterm potentiation (LTP) that have been linked to NMDA receptor activation (Bliss & Collingridge, 1993) . Experimentally, LTP is often induced by trains of highfrequency stimulation. The pH shifts so generated may influence the relationship between LTP induction and stimulus frequency. In a recent report, field potentials in hippocampal slices were potentiated several minutes after application of benzolamide (Taira et al. 1993) , suggesting a gradual induction of LTP. The immediate augmentation of individual NMDA responses described herein may underlie these observations. Indeed, the rapid effect of benzolamide on single EPSCs suggests that H+ might serve as an extracellular signal, in a time frame relevant to synaptic transmission. The NMDA receptor, with a midpoint of its pH dependence at physiological extracellular pH (Tang et al. 1990; Traynelis & Cull-Candy, 1990 , 1991 Vyklicky et al. 1990 ), appears well-suited to respond to such signals.
